ABSTRACT This paper introduces the resonant body transistor (RBT), a silicon-based dielectrically transduced nanoelectromechanical (NEM) resonator embedding a sense transistor directly into the resonator body. Combining the benefits of FET sensing with the frequency scaling capabilities and high quality factors (Q) of internal dielectrically transduced bar resonators, the resonant body transistor achieves >10 GHz frequencies and can be integrated into a standard CMOS process for on-chip clock generation, high-Q microwave circuits, fundamental quantum-state preparation and observation, and high-sensitivity measurements. An 11.7 GHz bulkmode RBT is demonstrated with a quality factor Q of 1830, marking the highest frequency acoustic resonance measured to date on a silicon wafer.
I
n recent years, nanomechanical resonators have been implemented for quantum-state preparation and observation in macroscopic objects. Such experiments include measurements near the ground state of motion, 1,2 nanomechanical squeezing, 3 and quantum mechanical entanglement. 4 Nanoscale resonators are also being developed to enhance measurement sensitivity toward the goal of singlemolecule mass spectrometry. 5 Resonators employed within all these areas of research have achieved frequencies in the kilohertz to megahertz range. Nanoelectromechanical (NEM) resonators operating at multi-GHz frequencies would increase measurement sensitivity and provide quantum mechanical cooling, squeezing, and entanglement at higher, more accessible temperatures. However, the fundamental obstacle of scaling NEM resonators to multi-GHz frequencies is the need for a sense transducer that overcomes capacitive and parasitic feed-through and provides adequate sensitivity to measure mechanical motion at those frequencies. The resonant body transistor (RBT) presented in this work surmounts this challenge by integrating a sense transistor directly into the resonant body of a dielectrically transduced NEM resonator.
The authors have previously demonstrated longitudinal bar resonators in silicon using a novel method to drive and sense acoustic waves in the bar. 6 This mechanism, termed "internal dielectric transduction", incorporates thin dielectric film transducers inside the resonator body for electrostatic (capacitive) transduction. Internal dielectrically transduced resonators have yielded the highest acoustic resonance frequencies (up to 6.2 GHz) and highest frequency-quality factor products (f.Q up to 5.1 × 10 13 ) published to date in silicon. Moreover, these dielectrically transduced resonators demonstrate improved efficiency as resonance frequency increases, providing a means of scaling NEM resonators to previously unattainable frequencies. However, at multigigahertz frequencies, capacitive feed-through becomes significant and prevents capacitive detection of NEM resonance without three-port mixing measurements that require an external frequency source impractical for integrated applications.
The concept of using field effect transistors (FETs) for sensing mechanical motion while overcoming capacitive feed-through has been around since the advent of microelectromechanical systems. In 1967, Nathanson et al. demonstrated the resonant gate transistor (RGT), driving resonance in a conductive cantilever with an air-gap capacitive electrode. 7 The RGT cantilever functions as the gate of an air-gap transistor with output drain current modulated by the cantilever resonant motion.
More recently, FET sensing has been implemented in a variety of micromechanical devices. Resonant gate transistors similar to Nathanson's device have been demonstrated in silicon air-gap resonators up to 14 MHz. 8, 9 Mechanical resonators sensed through direct elastic modulation of a transistor channel have also been demonstrated. Such devices include air gap resonators with embedded FETs up to 71 MHz, 10 mechanical mixing in single electron transistors up to 245 MHz, 11 piezoelectrically in GaN air-gap resonators up to 2 MHz. 12 The resonant body transistor combines the benefits of FET sensing with the frequency scaling and high-Q capabilities of internal dielectrically transduced bar resonators. Figure 1 shows a top-view schematic of the resonant body transistor, illustrating its principle of operation. The region in light gray represents the undoped active area of the FET, while the blue region is highly doped. The active area near the drive electrode is biased into accumulation (red), so that a capacitive force acts across the thin dielectric film (yellow), driving longitudinal resonant motion in the freely suspended body. A gate voltage is applied to the opposing electrode, generating an inversion channel (blue) that results in a DC drain current. At resonance, elastic waves formed in the resonator modulate the drain current both by physically changing the gate capacitance and by piezoresistive modulation of carrier mobility. The latter of these effects dominates the output signal.
Using internal dielectric transduction to drive and sense acoustic resonance, 6 the amplitude of vibrations at resonance is given by where g is the dielectric thickness, L is the length of the resonator, ε f is the dielectric permittivity, V DC is the bias voltage across the dielectric films, v in is the AC excitation voltage, Y is the Young's modulus, n is the harmonic of resonance, and k n is the wavenumber. With the bias restrictions of Figure 1 , the amplitude of vibrations in the RBT is Here, W is the width of the resonator and L gate is the transistor gate length. The strain induced in the resonator piezoresistively modulates the drain current running through the inversion layer. Assuming a piezoresistive coefficient of π 110 , the piezoresistive modulation of the FET drain current I D is
The motional impedance R x ≡ v in /i out for a capacitive resonator and RBT of identical geometry is shown for comparison in Figure 2 .
RBTs were fabricated side-by-side with independent-gate FinFETs 13 at the Cornell Nanoscale Facility (CNF). Scanning electron micrographs (SEMs) of a FinFET and 12 GHz RBT are shown in Figure 3 . The devices were tested in a twoport configuration at room temperature in a vacuum probe station, as illustrated in Figure 4 . The devices were tested in vacuum to prevent ionization of air in the fringe fields near the dielectric, where 5 V were applied across a 15 nm gap. The vacuum also prevented adsorption of molecules onto the surface of the resonator over time, which can To test the performance of the transistor sensing in the RBT, an independent-gate FinFET was first measured tying both gates together and biasing the device at V G ) 5 V into strong inversion. The resulting frequency response of the FinFET is presented in Figure 5 . The FinFET tested has a fin width of 50 nm and a gate length of L gate ) 500 nm. The transconductance of the FinFET begins to drop around 42 GHz, corresponding the frequency limit of the transistor.
The RBTs were then tested in the configuration outlined in Figures 1 and 4 . The de-embedded frequency response of an 11.7 GHz RBT is shown in Figure 6 . The electromechanical Q of the RBT is 1831, resulting in an f.Q product of 2.1 × 10 13 . The device exhibits a clear signal of over 13 µS (piezoresistive transconductance) above the background signal, and can be improved further by reducing the series resistance of the suspension beams to the resonant bar and reducing the FET gate length. As seen in Figure 3 , the source and drain of the RBT are ∼30 nm wide, resulting in a nonnegligible series resistance which adversely affects the transconductance and quality factor of the device.
The 11.7 GHz resonance of the RBT presented in this work is the highest acoustic frequency measured electrically in a silicon resonator to date. This first demonstration of a resonant body transistor using internal dielectric drive and FET sensing promises the scaling nanofabricated resonators to multigigahertz frequencies. The RBT was fabricated side-by-side with independent-gate FinFETs, indicating the capacity of these resonators for CMOS integration at front end-of-line fabrication. Such a hybrid NEMS-CMOS technology will provide RF CMOS circuit designers with high-Q active devices operating up to 60 GHz and beyond and will enable us to bring quantum electromechanical systems out of dilution refrigerators and into accessible benchtop experiments.
The Resonant Body Transistor Supporting Information
De-embedding procedure for RBT measurement Detection of the RBT and Split-Gate FinFET requires high-frequency measurement ranging over tens of GHz. However, to probe each resonator and Fin-FET individually, large probe pads and routing to each device result in significant capacitance which dominates the measured signal. The parasitic capacitance and inductance of the probe pads and routing can be subtracted from the measured device using de-embedding structures on-chip. Models of the deembedding structures used for the RBT and FinFET measurements are shown in Figure S1 . Finite Element Analysis (FEA) on these models in Ansoft HFSS in combination with the deembedding method presented here result in a lowering of the capacitive floor well below the expected device signal. Figure S1 . De-embedding structures fabricated on-chip to subtract parasitic capacitance and inductance of the probe pads and routing, lowering the measurement floor.
